
,,L,,L._ BY W COSI-3
i~~i~i'00 NO~OT DFI1QY,

J /L T'f'r':,P..'
Cx.) i - TCOHCI u', •:•F3 ; f'

(f ,. TECHNICAL REPORT 52-153

'OPY

DEVELOPMENT OF FIXED TWO-WAY RESTRICTOR

VALVES FOR USE ON MILITARY AIRCRAFT

RALPH L. VICK, 2d LT, USAF

AIRCRAFT LABORATORY

JULY 1952 t

WRIGHT AIR DEVELOPMENT CENTER

400• l1 \ 0 \o13



NOTICES

When Government drawings, specifications, or other data are used for any purpose other
than in connection with a definitely related Government procurement operation, the United States
Government thereby incurs no responsibility nor any obligation whatsoever; and the fact that the
Government may have formulated, furnished, or in any way supplied the said drawings, specifica-
tions, or other data, is not to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights or permission to manu-
facture, use, or sell any patented invention that may in any way be related thereto.

The information furnished herewith is made available for study upon the understanding
that the Government's proprietary interests in and relating thereto shall not be impaired. It is de-
sired that the judge Advocate (WCJ), Wright Air Development Center, Wright-Patterson Air
Force Base, Ohio, be promptly notified of any apparent conflict between the Government's pro-
prietary interests and those of others.



WADC TECHNICAL REPORT 52-153

DEVELOPMENT OF FIXED TWO-WAY RESTRICTOR
VALVES FOR USE ON MILITARY AIRCRAFT

Ralpb L. Vick, 2d Lt, USAF
Aircraft Laboratory

July 1952

E. 0. No. R452-495

Wright Air Development Center
Air Research and Development Command

United States Air Force
Wright-Patterson Air Force Base, Ohio

McGregor & Werner, Inc., Wakefield, Mass.
Sept. 11. 1952 100



FOREWORD

This report was completed under research and develop-
ment Expenditure Order No. Rh52-h95 Hydraulic and Pneumatic
System and Component Development. It was administered under
the direction of the Aircraft Laboratory, Aeronautical
Division, Wright Air Development Center, Air Research and
Development Comnand, Lt R. L. Vick and Mr. H. 0. Hendrickson
acting as project engineers. This is the completed report
on this project.

The test articles were purchased from Purolator Products,
Inc., under Purchase Order No. (33-038)h9-5051-E.
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ABSTRACT

Standardization of a fixed two-way 3000 psi restrictor
valve, which would be reasonably independent of fluid vis-
cosity changes, was the main object of the development. All
tests were conducted at the Wright Air Development Center by

the Hydraulics and Pneumatics Section of the Mechanical Branch
of the Aircraft Laboratory. The tests and development result-

ed in an orifice type restrictor valve with protective filters

for .067 inch diameter orifices and smaller and a restrictor
valve without filters for orifices above .067 diameter. A
range of interchangeable standard orifice diameters is a
feature of the new valve design. For optiLuum standardization,
it is recommended that one type assembly be used, with unions
or adaptors as applicable, for the small orifices needing
filters and a larger size type for the larger orifices, not
requiring filters.

"PUBLICATION REVIEW

Manuscript copy of this report has been reviewed and

found satisfactory for publication.

FOR THE COMMANDING GENERAL:

JAKA GIPBS
. Colonel, USAF

Chief, Aircraft Laboratory
Aeronautics Division

5

WADC TR 52-153 iii



TABLE OF CONTENTS

Page

SECTION I Determination of the Basic Restrictor

Valve Orifice Design . . . . . . .... 1
SECTION II Development of an Orifice Protective

Filter Design . , o o . . . . . . . . a 2

SECTION III Tests on Orifices and Assemblies and
Theory on Pressure Drop and Flow . . . . 7

SECTION IV Discussion on Design . . . . ...... 46

SECTION V Summary • • • a • • . • • • • • • • • • 52

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . 53

LIST OF ILLUSTRATIONS

FIGURE Pg

Plate 1 Stainless Steel Pinion Stock Test Filters
-10, -9, -6, and -4 sizes (Photograph) . . . 4

Plate 2 Brazed Stainless Steel Test Filters -10,

-9, -6, and -4 sizes (Photograph) • • • • • 5
1A. Impulse Test Diagram . ........ . .

lB. Wear and Endurance Tests... .. .. . .. .

2A. Test Set-up For the Restrictor Valve . . . . 10

2B. Cold Room Restrictor Valve Test Set-up . . . 16

3. Kinematic Viscosity vs. Temperature . . . . 19

4. Pressure Relationship on Kinematic Viscosity
of MIL-O-5606 at Various Temperatures • • • 19

5. Reynolds Numbers vs. Coefficients of Discharge
From Cold Temperature and Room Temperature
Tests on Orifices in a -10 Restrictor Body . 20

6. Pressure Drop vs. Flow For .0221, .0295, .0361,
.0407, and .0461 Orifices . . . . . . . . a 21

7. Pressure Drop vs. Flow For .0524, .0596, .0676,
.0913, .0965, .1092, and 1196 Orifices . . 22

9. Cold Temperature Pressure Drop vs. Flow Test
Results on .0221, .0295, .0361, .0407, and
.0461 Test Orifices . . . . * 0 * 0 • # 0 a 23

7ADC TR 52-153 iv



LIST OF ILLUSTRATIONS (Con't)

FIGURE Page

9. Cold Temperature Pressure Drop vs. Flow
Test Results on .05211, .0596, .0676, .0913,
.0965, .1092, and .1196 Test Orifices . . . . 24

10. Flow vs. Temperature Rise For .067 Orifice
and .012 Spaced Filter, -9 Body. ...... 27

11. KNR vs. KIC For -9 Body and Filters . . . . . 29

12. KNR vs. KIC For -8 Test Restrictor Assemblies 29

13. Pressure Drop vs. Flow For the -S Restrictor
Valve Test Assembly . . . . ...... • • • 30

14. .012 Sp aced -9 Filters Pressure Drop vs. Flow
at -65 F . . . . . . . . . . . . . . . . . 37

15. KNR vs. KIC Curves For .012 Spaces Calculated
From Figure ll4 Values.. . . . . . . .. .& 39

16. Approximate Pressure Drop vs. Flow Curves for
2 Filters (Upstream and Downstream to the
Orifices Designated) at -65 0 F . . . . . . . . 41

17. Pressure Drop vs. Flow For .040 Orifice and
Filters in - Body at -65'F ...... . • 42

1i. Pressure Drop vs. Flow For .091 Orifice and
Filters in -6 Body at -650F . . . • • • • . 43

19. Pressure Drop vs. Flow For Orifices at Room
Temperature and -651F.Filters added for -650F 44

Plate 3 Test Two-Way Fixed Restrictor Valves Assembled
-10, -9, -6, and -4 sizes (Photograph) . . . 47

Plate 4 Test Two-Way Fixed -6 Restrictor Valve Dis-
assembled (Photograph) • . . . . . • • . 4

20. Proposed Two-Way Fixed Restrictor for Orifices
.067 Dia. and Below ........... • • 49

21. Proposed Designs for Two-Way Fixed Restrictor
for Above .067 Dia. Orifices . . . . . . . . 50

WADC T2 52-153 v



LIST OF TABLES

TABLE Page

,I Cold Temperature Test Results of .067 Orifice in -8
Body and Calculated YNR vs. K1C . . . . . . . . . . . . 31

II Cold Temperature .067 Orifice in -8 Body Calculated
Flow vs. -ressure Drop After Passing Upstream Filter • . 31

III Cold Temperature Tests on .012 Spaced Filter Upstream
in -8 Body ... 60a 32

IV Cold Temperature Calculations for .012 Spaced Filter
Upstream in a -8 Bored Out Body . . ... . .. .. 32

V Cold Temperature Test Results .012 Spaced Filter Downstream
in a -8 Body . .&. . . . . . . • * .9. . . . . . . . . . . 33

VI Cold Temperature Calculations on .012 Spaced Filter

Downstream After Passing .067 Orifice and First Filter . . 33

VII Cold Temperature Test on the -8 Bored Out Body . . . . . . 34

VIII -8 Body Bored Out at Pressures Equivalent to Upstream
Filter and .067 Orifice Assembly at Various Flows . .. . 34

Ix -8 Body Bored Out at Pressures and Temperatures Equivalent
to Downstream Filter at Various Flows ...... . . . 35

X Pressure Drop at Various Flows and -650 F. (.67 Orifice
and 2 Filters in a -8 Body) . . . . . . .. .. 36

XI -8 Assembly, .067 Orifice, 2 Brazed .012 Spaced Filters,
Cold Temperature Test of . 0 . 0 ... . .. .. . 36

XII Calculated -650 F. Pressure Drop vs. Flow (-8 Assembly) . 36

WADC TR 52-153 vi



INTRODUCTION

Present-day restrictor valve designs do not have the
features necessary for proper performance under all conditions
and., in addition, are not standardized for Military use. As
a result, and at the request of the Aircraft Industry, the Air
Force agreed to undertake this development project in order
to develop a valve design which would incorporate the necessary
requirements and which could be a standard item f or Military
procurement.

The Aircraft Industry, acting through the SAE A-6 committee.,
submitted a tentative range of body and orifice sizes on which
to initiate development. The Wright Air Development Center
established requirements in conformance with AN standards and
added requirements considered necessary for a satisfactory re-
strictor valve design.

The following features were required of this restrictor
valve:

1. Must be designed for 3000 Psi operation.
2. Low sensitivity to fluid viscosity changes.

Light weight.
End bosses to provide maximum adaptability to
AN standard fitting "s.

5. Reliability in service.

Since the simple orifice type restrictor valve incorporates
all of the above features except possibly the low sensitivity to
fluid viscosity changes, it was decided to investigate the possi-
bility of designing an orifice that would have approximately the
same coefficient of discharge at all temperatures.

If the orifice type proves satisfactory, two more features
are required:

l.. Orifice protection from dirt, etc., in hydraulic
fluid.

2. A range of interchangeable orifice diameters.

A contract was awarded to Purolator Products, Inc., to manu-
facture valve bodies, protective filters, and interchangeable
orifice plugs.

A Military Specification and Drawing will be prepared as a
result of work accomplished on this project and recommendations
of the Aircraft Industry.

WADO TR 52-153 Vii



SECTION I

DETERMINATION OF THE BASIC
RESTRICTOR VALVE ORIFICE DESIGN

I

As explained in the Introduction, simple orifice type
restrictor valves would seem very satisfactory for standardi-
zation if an orifice could be designed to have low sensitivity
to fluid viscosity changes.

Present orifice type restrictors have varying degrees of
wall thickness at the orifice and, through theory and experiments,
the sharp edged type has been found to function most consistently
at all viscosities. Long orifices are affected considerably by
viscosity change especially at high viscosities.

A thin wall (.031 inch length) orifice was designed to give
satisfactory performance throughout the temperature range re-
quired (-65 0 F to +1600F).

Tests were run to determine the orifice configuration that
would be least susceptible to clogging by particles of O-ring or
dirt, etc. The sharp edged orifice again was superior in that a
.067 inch diameter sharp edged orifice would pass measured O-ring
particles which would not pass through a round edged .095 inch
diameter orifice. Extensive tests were performed on this particu-
lar phase where various sizes and shapes of O-ring particles were
passed through orifices. The results merely emphasized the need
of filters for orifice protection, especially in the smaller sizes.

A range of orifice diameters submitted by the Aircraft Indfs-
try included the following: .0l6 .022, .028, .033, .040o -046,
•U52, .059, .067, .081, .095, .109, and .120 inch. The .016 inch
diameter orifice was not flow tested but its pressure drop vs. flow
curve could be easily calculated from other data included in
this report. This orifice would be more sensitive to viscosity
changes than the larger diameter orifices.

Previous service experience with orifice type restrictor
valves indicated that all orifices below .070 inches in diameter
should be protected by filters. In the clogging tests it was
found that in sizes above .067 inch orifice diameter, the probabi-
lity of complete clogging was remote insofar as O-ring particles
were concerned. If O-ring particles exist in a system in such
large sizes that they clog the larger orifices, filter protection
for other hydraulic components having small openings would be re-
quired and this has not been found necessary. Thus, filters are
needed for orifices of .067 inch diameter and smaller.

WADC TR 52-153 1



SECTION 'II

DEVELOPMENT OF AN ORIFICE PROTECTIVE FILTER DESIGN

Orifice filter element tests were conducted first since
the results of these tests would affect the entire design.

The first filter elements testedJ were constructed by
winding stainless steel wire in a tubular form with the adja-
cent turns separated by .003, .005,, and .008 inch spaces.
They were similar to those shown in Plate 2 except that the
pointed end shown was then a flat plate with drilled holes for
fluid passage, and the circumference of the plate was threaded
so the filter screwed down into the body.

Initial pressure drop tests at -65'F.. with MIL-O-5606 fluid
containing one percent water by volume, showed that the .003 and
.005 sizes would clog during flow conditions. Examination
under a microscope revealed small particles of gelatin-like
material. New designs were submitted with .009 and .012 inch
spacing between the turns. Cold temperature conditions of the
fluid would not clog either of these filter elements.

The filter elements were then tested to determine their
ability to withstand pressures and flows. Preliminary tests
showed that the high forces induced by the jet action of the
fluid leaving the orifice, stretched the ;filter elements. Another
force, perpendicular to the first force, caused by the jet strik-
Ing the end of the filter elements,, caused the elements to either
expand or to break. The combination of these forces caused near-
ly all of the filters to fail. The .095 inch orifice with 3000
psii pressure drop appeared to produce the largest jet forces and
this size was used to determine strength adequacy if no failure
occurred with smaller orifices. Smaller orifices, which pro-
duced smaller forces, did not cause the filters to fail. The
failures occurred at the welds between the individual coils.
Tests were conducted where the stretching force was eliminated
and the elements withstood the jet action until extremely high
flows were reached.

The -6 size, .012 spaced filter failed after three minutes
at 2500 psi and 9.2 gpm (gallons per minute). The -6 size, .008
spaced filter failed after four minutes at 3000 psi and 5.1 gpm.
The tensile load was eliminated by removing the threads from
the circumference of the flat plate on the end, thus allowing
the element to ride free for a short distance along the axis of
the restrictor body. The tensile load was caused by not turning
the element down tight against the seat in the body thus allow-
ing it to stretch until it did reach the seat. Such a condition
could readily occur in service.

WADO TR 52-153 2



The -9 size, .012 spaced filter failed under 2500 psi and
9.45 gpm with the tensile load present, and at 2500 psi and 9.5
gpm after five minutes with the tensile load eliminated. The
.00g spaced filter, with the tensile load eliminated, failed at
2500 psi and 9.5 gpm after four minutes.

The -10 size, * 012 spaced filter failed after being sub-
jected to 2500 Psi and 14.-5 gpm for three minutes, with the ten-
sile load present, and after being subjected to 5000 psi and 15.9
gpm. for one minute, with the tensile load eliminated. The 009g
spaced filter failed after three minutes at 5000 psi and 15-8 gpU,
with the tensile load eliminated.

All of the failures occurred at greater than line size flow
and were due, as mentioned above, to the jet action of the flow
from the orifices.

Present experience indicates that any size body with filters
should not fail regardless of the size of the orifice used. In-
asimuch as the jet forces were not considered a factor in the
original filter design, two new types, designed to withstand these
jet forces, were submitted. One was the same brazed steel type
as previously tested except that a pointed breaker was attached
at the end nearest the orifice to break the jet action of the
fluid and the threads were removed to eliminate-the tensile load.
The other type consisted of stainless steel wire, with rises,
wrapped around pinion stock to form filter spaces and a pointed
end which was slightly different from the braz~d type end as
shown in Plates 1 and 2.

The -9 and -10 sizes in both types were tested with the .095
orifice at 3000 psi without failure.

The -4 and -6 sizes were tested and showed the stainless
steel type to be acceptable. The brazed type -6 size collapsed
from end loads and the -4 size broke at the middle in a manner
similar to earlier failures. The Purolator Company revised these
designs to incorporate a rod in the center to take compression
loads. Flow tests were conducted at 3000 Psi for five minutes
without failure.

The centers were partially drilled out of the stainless
steel pinion stock type but they are still comparatively heavy.

It was not considered necessary that the filter spacings be
appreciably smaller than the smallest orifice diameter and in
order to reduce the possibility of clogging and possibly to re-
duce sensitivity to fluid viscosity changes, the .009 and .012
inbh spacings were considered to be the most advantageous.

WADO TR 52-153 3
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The .009 and .012 inch spaced brazed type rod reinforced
filters were considered to be the best all around.

Pressure drop tests at various flows were conducted and
are explained later in the report.

5
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SECTION III

TESTS ON ORIFICES AND ASSEMBLIES AND
THEORY ON PRESSURE DROP AND FLOW

General

Wear and strength tests were required to determine whether
or not the .031 inch thickness at the orifice was enough so that
the flow characteristics would not be changed throughout the life
of the valve. These tests were conducted before the pressure
drop and flow tests since the pressure drop and flow tests would
require considerable work and any cha~nge in design should be
accomplished prior to such extensive tests.

Wear Test

A flow test to determine wear was conducted at room tempera-
ture on an .067 inch diameter orifice with 3000 Psi pressure drop
across the orifice at 5.2 gpm flow for 10 hours. No significant
wear was noted. Measurements of the orifice diameter with a
measuring microscope, before and after the test, showed an in-
crease of approximately .0005 inches across the diameter in one
direction. At 90 degrees to this direction, measurements across
the diameter indicated no change. A slight erosion was also noted.
The 10 hour test on the valve was considered equivalent to a life
wear test and it was concluded that wear or erosion would not be
a problem. Se-e Figure lB.

Impulse Test

Impulse tests were conducted at room temperature on the -6
size proposed design assembly. The valve., with an .016 orifice
and two type SK 18119 rod reinforced filters installed and one
end cappedo was subjected to 50,000 impulse cycles from 0 to 3000
psi pressure with 4.500 psi peaks. There were ho failures during
the test. The same valve assembly, except for a .120 orifice in-
stalled in place of the .016 orifice, was tested for 50,000 addi-
tional cycles without evidence of permanent distortion or failure.
See Figure 1A.

Endurance Test

The same body and filters, as used in the impulse test, were
endurance cydled with an .067 inch orifice for 20,000 flow re-
versals. The pressure cycle was from 0 to 3000 psi with no peaks.
The assembly did not fail or permanently distort in any way. See
Figure lB. The fluid was cycled slowly to prevent extreme heat-
ing. The above test results were considered satiifnctory.

WADO TR 52-153 7
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Pressure Drop Through Orifices at Room Temperature

To determine the pressure drop at various flows through
* the orifices at room temperature, the test was set up as in

Figure 2A for reasons explained later in this section.

On this setup, the restrictor flowmeter was calibrated
by using pressure pickups (explained later). The selector
valve was placed in neutral, the shutoff valve to the flowmeter
opened and flow controlled by the bypass valve on the test
stand. The flow was read on the stand flowmeter and plotted
against the deflection on an oscillograph caused by the flow
through the re'strictor flowmeter (explained later.)

The tests were conducted as follows:

1. The portion of the test set-up between the No. 1
transfer cylinder bottomed and the No. 2 on top,
or vice versa, was filled with hydraulic fluid
conforming to Specification MIL-O-5606. The air
was bled from the setup.

2. The shutoff valve from the pressure line to the
restrictor flowmeter was then closed.

3. The selector valve was placed in the neutral
position.

4. The pump was started and various line pressures
up to 3100 psi were controlled by using the by-
pass valve. (Test stand line pressure gage not
shown).

5. The selector valve was placed in the position
shown when the desired pressure was reached.
The fluid pushed the piston in the No. 1 transfer
cylinder up, causing the fluid in the upper por-
tion of the cylinder to be forced through the
test restrictor and in turn forcing the piston
in No. 2 transfer cylinder down, which forced
the fluid below the piston in the No. 2 cylinder
back through the selector valve and through the
restrictor flowmeter. The pressure pickups at
the test restrictor had previously been calibrated
so that the pressure drop across the test orifice
could be obtained, along with the flow, as it
passed through the calibrated restrictor flowmeter.
The actual flow and recording on the oscillograph
could take place in approximately 4 seconds.

WADC TR 52-153 9
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Previous experience with testing orifices in the cold
room indicated that the only practical method of measuring flow
and pressure drop simultaneously was by the use of instrumenta-
tion rather than by visual observation of a flowmeter and bour-
don tube type pressure gages. Because of the heating of the
fluid during flow, the duration of flow had to be kept short and
accurate visual reading of the instruments was not possible.
The instrumentaion used, consisted of a 6 channel Miller record-
ing oscillograph, a Miller CD-2 amplifier, strain gage type
pressure pickups, and thermocouples. The pickups consisted of
1 inch OD x .120 inch wall thickness 61ST aluminum alloy tubing
with reduced w~ll sections at the point of strain gage applica-
tion. A two channel bridge was constructed to permit two press-
ure pickups to form a four arm bridge and wired so that, with
equal pressure on the pickups, the bridge would remain in
balance. An adjustment was provided to permit equalizing the
sensitivities of the pickups. The output of the bridge was fed
directly to 35 cps, 5 micro amp/in, galvanometers in the oscillo-
graph. This arrangement permitted the recording of pressure
drop or flow with one galvanometer trace. One channel was cali-
brated for measuring flow in the return line and another for
pressure drop across the test restrictor valve. Line pressure
was recorded by use of the amplifier. Thermocouples on either
side of the test valve and attached directly to 35 cps galvano-
"meters gave a record of the fluid temperatures during flow condi-
tions.

The traces were calibrated by plotting graphs of galvano-
meter deflection against flow rate or pressure drop us applicable.
From these graphs (not included) the flow rates and pressure
drops were found and plotted.

WADC TR 52-153 11



Symbols Used in Theoretical Analysis

Symbol Description Unit

a Area Square Inches
C Coefficient of discharge No units
d Diameter of orifice Inches
dl Diameter of tube in Inches

which orifice is placed

KNR Reynolds Number times con- No units
stant K, which represents
the equivalent diameter of
the particular article being
analyzed. KNR changes for
every test article.

KlC Coefficient of discharge No units
times constant Kl, which
represents the equivalent
area of a particular
article being analyzed.
KIC changes for every test
article.

NR Reynolds Number No units

PD Pressure drop Pounds per square
inch

Q Flow Gallons per minute

SKinetic viscosity Centistokes
Kinetic viscosity due to Centistokes
temperature.

-pOf Pressure factor on kine- No units
tic viscosity. Multiply
y' times 'y to get "Y

10 o0 4 N, g, PI' , W1  See Reference 1 (Biblio-
graphy). 0 in Reference 1 (Bibliography) is in different
units than that listed above.

5
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Some Theory on Orifice Flow

The test orifices were used with -10 bodies since the
pressure drop through these bodies is negligible at room
temperature.

The coefficient of discharge C for similar orifices, is a
function of Reynolds Number. Actually the magnitude of the
ratio of the diameter of the orifice to the diameter of the
tube in which it is placed (d/dl) and also the absolute size,
as distinguished from relative size or geometric similarity,
affect the value of C slightly.

The maximum (d/dl) ratiO in the test setup was less than
0.2. In Reference 1 (Bibliography), Q is a function of (Qi)
N v2g(PI-P2)WI where /2g(Pi-P2)Wl is the head loss. From a
(d/d 1 ) range of 0 to 0.2, the coefficient (Q ) varies only
slightly and the variation can be considered negligible for
normal room temperature. N changes directly with the area
of the orifice and inversly to the square root of l-(d/dl)4.
N = - /ITd3d). For (d/dl) = 0.2 or less, the square root
term is negligible.

According to Reference 3 (Bibliography), the effect of
"absolute size on C is generally expressed as a function of the
surface grain size with respect to the pipe diameter di, or
as a function of the relative roughness of the pipe section
preceding the orifice. This effect, however, is small and
may be either positive or negative, depending on the geometri-
cal construction of the approach.

It is concluded that for normal room temperature and the
range and design of the orifices used, the effect of d/dl and
absolute size on C is negligible and can be neglected.

At low Reynolds Numbers the curve of NR vs. C changes.
John L. Hodgson, the author of Reference 1 (Bibliography),
plotted curves of v/i• vs. C for various orifices. Individual
VNU vs. C curves could be plotted for the orifices but with
the range of orifice diameters tOtbconsidered for standardization,
the curves would be almost exactly the same-for VNR = 60 and
above and, as seen from the plotted curve (Figure 5), the re-
sulting points are erratic; therefore, greater accuracy would
be obtained by using one curve for this portion with very slight
errors in C as explained. According to Reference 1, the slope
of the curve VNR vs. C for VINb less than 1.5 depends on a
constantXf. Analysis of the data given onj' indicated that for
the range of (d/dI) ratios used in the test, the difference in
slope is negligible.

WADC TR 52-153 13



The range of v/WR's between 1.5 and 60 was plotted from
test data and followed a definite trend as shown in Figure 5.
A curve of NR vs. C was plotted to include all of the test
orifices used. (Figure 5)

The orifices were measured and henceforth all of the test
orifices will be designated by their actual size. Sizes are
.0221, .0295, .0361, .0407, .0461, .0524, .0586, .0676, .0913,
.0965, .1092, and .1196.

Simple equations had to be developed to make calculations.
Basic eauations for NR and C are: NR Vtt/secdtt) andc -- Q Y.(/rc

A vP"

Flow has been measured in gallons per minute and the graph
for kinematic viscosity vs. temperature is in centistokes so
NR can be simplified.

NR = V d

vtt/sec) = QfE)

Q, (Cfs) = Q Cg ,.
7.- •IjxW

V4t/sec)= Q+ in14.4ýx0Asa in) =o321r

ft 2/sec- K cm 2/sec = 1.07bxlO-5 cm 2/sec

ft 2/sec = 1.076xi0- 5 centistokes

NR = .321 Q (gpm)d(in)
A(sq in)(12)(l.076xl0-5Ycs) = 5165 Q (gpm s

At=V•t xV'pf whereY Wis kinematic viscosity from tempera-

ture (Figure 5) andV'pf is the pressure factor due to pressure
at that temperature (F~igure 4).

Reynolds Numbers and coefficients of discharge were calcu-
lated and plotted in graphic form on semi-log paper. (Figure 5)

Before the aforementioned method was tried, the normal
tempera ture curve of NR vs. C was obtained as follows:

The form of the pressure drop curves was parabolic with
an equation; Q-k PDn where k is a constant and n is an exponent.

WADC TR 52-153 14



Using logs: Log Q = k + n Log PD

This method was used for all the room temperature runs to
"determine k and n for each orifice. It was found that n also
plotted a parabolic curve when plotted against the orifice di-
ameter and n=0.573D(-05725). Using these values of n, average
values of k were found for each orifice and these values also
formed a parabolic curve with the diameters of the orfl.ces and
k-1l3.2 5 D(1.7925), therefore, Q=13.25D(l,'792 5)pD(.573D) .05725.

Curves plotted with this equation were all room temperature
curves and corresponded within 50 psi in all cases with curves
plotted with the NR vs. C curve. Some calculated curves gave
higher flow rates and some lower than the test results but
curves calculated both ways were always very close together.
These curves are not included because they were calculated be-
fore the stand flowmeter was calibrated, however, the results
serve to further prove the use of one curve for all of the test
orifices and that this curve should be especially accurate at
room temperatures.

Cold Room Testing of the Orifices

Since the determination that an NR vs. C curve could be
plotted, the temperature did not necessarily have to remain at
-65 0 F. The simple setup shown in Figure 2P was devised for these
tests and the flow was controlled by changing the angle of the
variable volume pump instead of using the bypass valve. In this
manner the fluid did not warm up so rapidly. The Revere flow-
meter was calibrated and the Lewis temperature potentiometer
was checked for accuracy. If the temperature increased to -55 0 F,
the fluid was allowed to cool down before continuance of tests.

The pressure drop was obtained by subtracting the reading
on the return side of the test valve from the reading on the
pressure side. The flow was read directly from the flowmeter
and corrected. Temperature was read from the potentiometer.

Line pressure, back pressure, temperature, and flow were
recorded and NR and C were found and plotted on the low end of
the NR vs. C curve. This was done for all orifices and the
points followed a definite trend so the curve of Reynolds Num-
ber vs. coefficients of discharge was plotted for the complete
temperature range of all the orifices.
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Use of Reynolds Number vs. Coefficient of Discharge Curve

The NR vs. C curve is shown in Figure 5- It is seen that
"after a NR of approximately 1200 the coefficient of discharge
becomes constant at 26.75. This means that with a 200 psi
pressure drop and MIL-O-5606 at approximately +69 0 F or above,
"all of the orifices have the same coefficient of discharge.
With a higher pressure drop or using the larger orifices, the
constant coefficient of discharge can be at a lower temperature.
With the .120 orifice and a 200 psi .pressure drop, the coeffi-
cient of discharge would be constant for this orifice at approxi-
mately +3'F and higher.

For all orifices within the temperature range where C=26.75
the equation for the flow vs. pressure drop curve is Q=26.75 AX

/V-D. This equation was used for all of the calculated curves
shown with the test curves in Figures 6 and 7-

For the calculated curves at -651F, the following method
was used:

NR = 1 ( 6 and Q=CA\/vd Jpf

NR = ý165 CA /PD = 2495Cd VPd 'Yt #pf pr)t )ipr

't at -65' is approximately 1700 centistokes according
to Figure 3.

NR = 1.462 Cd /D

Various pressure drops were chosen to plot a full curve.
The pressure drops used were 600, 1200, 1900, 2400, and 3000 psi.
At 600 psi pressure drop, assuming the pressure after the orifice
to be zero, y'pf is approximately 1.15 (Figure 4). The pressure
before the orifice should be used to determine this factor-Vpf;
however, the pressure after the orifice was considered zero for
all of the plotted curves, therefore, pressure drop in terms of
psi was also considered the pressure of the fluid before the
orifice. At 600 psi pressure drop, NR = 31.15 dC and Q = CA (24.5)
The .067 inch orifice gives NR 2.085C. With a slide rule and
Figure 5, NR is found to be 59.75 and C is 29.1, which gives a
flow of 2.425 gpm. Thus, the flow for 600 psi pressure drop
through an .067 inch orifice at -650F is 2.425 gpm.
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This method was used to plot all of the *-650F pressure
drop ivs. flow curves. Other trial. and error methods could
be used but this method proved quick and convenient. The
curves are shown in Figure 19. The test curves are shown
with their respective temperatures in Figures 9 and 9.

Pressure Drop Through the Filters

Attempts were made at the beginning of the project to
rind pressure drop and flow at -65*F on some of the filters,
These attempts were not altogether successful, however, because
the fluid warmed up during runs and data could not be obtained
for -65*F temperatures. The test setup was similar to that
shown in Figure 2B.

The test setup was removed from the cold room and the
normal room temperature runs were made with and without filters
installed. Test results showed that two .00g spaced filters
in the -4~ body increased the pressure drop by only 6.9 psi at
2.5 gpm. Two .012 spaced filters in the -4 body increased the
pressure drop by only 7 psi at 2.5 gpm. Two .008 spaced filters
in the -8 body increased the pressure drop by only 10 psi at
12 gpm. and two .012 spaced filters in the -9 body increased the
pressure drop by only 10 psi at 12 gpm.

It was concluded; therefore, that the pressure drop of
the filters would not be a problem at normal temperatures.

The normal temperature runs were conducted as already ex-
plained and the test setup was constructed as in Figure 2B and
placed in the cold room.

During test runs the fluid tended to warm up but the
temperatures were taken and a means devised as follows to con-
vert the points to -65OF:

Using the Reynolds Number and coefficient of discharge
equations for orifices:

NR= 16 Q and Q =CA %/P

The only values unknown are the equivalent diameter and area
which can be called constants K and K1 respectively.

NR = 36
K V or KR= 36;0 where Q was obtained

from test results and V from temperature and pressure before
the orifice by using Figures 3 and 4 as previously explained.
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KIC -Q where Q and PD are taken from test results.
whrv adP aetl

With these formulas, KNR vs. K1 C curves can be plotted from
test results as shown in Figures 11,12,17, and 18.

The values for the calculated pressure drop vs. flow curves
can be found by several triP? .rd error methods. One method
(used in Tables II, IV, V!, VII, IX., and XII) is to choose var-
ious flow rates, knowing thne corresronding fluid temperatures
(-65'F ), and estimating pressure drop to find+pf. The kine-
matic viscosity is then found by use of Figures 3 and ý1 and KNR
found fror the formula above. Knowing KNR, K1 C is found from
the KNR vs. KIC curve and knowing KIC, the pressure drop can be
found. If the calculated pressure drop does not correspond to
the estimated value, the procedure must 1,e repeated until it
does correspond.

The -8 size restrictor was completely analyzed for -65OF
operation. Refer to Figures 10, 11, 12, and 13. The warming
of the fluid through the first filter anO the orifice had to be
determined separately. The temperature before the -8 test body
with an .012 spaced brazed filter upstream was taken from a
potentiometer on the upstream side of the test body, and the tem-
perature after was taken on a potentiometer on the downstream
side of the test body. A curve was plotted for flow vs. temper-
ature rise as shown in Figure 10. The same procedure was used
with only the .067 orifice in the -9 test body and a flow vs.
temperature rise plotted for it as shown in Figure 10.

The .067 orifice in the -9 body was tested in the cold
room and a KNR vs. KIC curve plotted for it. For various flows
within the .067 orifice range, the temperature was found from
the flow vs. temperature rise curve of the upstream filter.
These temperature rises were subtracted from -65OF and flows
and temperatures are known so, by trial and error, a flow vs.
pressure drop curve can be calculated and plotted using the
KNR vs. KlC curve for the .067 orifice. See Tables I and II.

A KNR vs. KlC curve was plotted from test results on the
.012 spaced -9 filter upstream in a -9 body and a pressure drop
vs. flow curve calculated for -650F. The body pressure drop was
subtracted and the pressure drop of the filter only at -65*F
was added to the .067 calculated curve. A test with the filter
upstream and .067 orifice in a -8 body confirmed this curve
when corrected to -65 0 F. See Tables III, IV, VII, and VIII.

With the .012 filter downstream and in the -8 body, tests
were conducted and a KNR vs. KC curve plotted. The temperature
before this was determined as he temperature of the fluid after
passing the first filter and the orifice, and was found from the
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temperature rise vs. flow curve. By trial and error, a pres-
sure drop vs. flow curve was plotted fc-v the filter with the
temperature of the fluid as determined above. The body pres-
sure drop was again subtracted and the pressure drop of the
filter only wa2 added to the orifice plus first filter curve.
A test was run. with both filters and the .067 orifice and corr-
ected to -65'F with its KNR vs. KIC curve, resultinT in the
same curve as calculated with the individual tests. See Tables
V, VI, VII, IX, XI, and XII.

The following is an example of the steps necessary to
determine the above results on the -8 assembly with an .067
orifice, considering that the temperature of the fluid before
thp assembly is -651F:
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The cold temperature test results of the .067 orifice
in the -9 body with no filters are shown in Table I. The
kinematic viscosity at the temperatures from the test (Figure
3) are multiplied by the pressure factor (Figure 4) for the
kinematic viscosity at that temperature and pressure tested.
(See Figure 12)

TABLE I

Cold Temperature Test Results of .067 Orifice in -9 Body
and Calculated KNR vs. KIC

Flow P D / Temp. V\ ypf KNR KIC
GPM PSI OF cs

1.90 400 20.0 -57 1050 1.09 5.25 .095
3.00 900 29.3 -55 920 1.20 9.60 1.062
.75 1200 346 -55 920 1.55 9.55 1-093

5•0. 1600 40.0 -5 990 1.52 10.35 1.095
5.09 2000 44.7 -53 920 1.69 11.65 1.135
5.70 2400 49.9 -51.5 750 1.85 12.95 1.163

To get the calculated flow vs. pressure drop curve after
the fluid has passed through the upstream filter, various flow
rates are chosen, and the temperature rise through the up-
stream filter is found from Figure 10. The kinematic viscosity
due to temperature ( V4) is found from Figure 3 and V4 v must
be determined by trial and error, however, close approximations
can be made by referring to the cold temperature .067 orifice
curve, calculated previously, and finding the pressure drop,
then referring to Figure 4 to approximate 4pF . KNR is calcu-
lated and K10taken from Figure 12.

TABLE II

Cold Temperature .067 Orifice in -9 Body Calculated Flow
vs. Pressure Drop After Passing

Upstream Filter

Flow Temp. Y" -- p- f KNR K1 C P D
GPM OF. cs PSI

2 -64.b 1600 1.06 3.73 .0945 447
-64.4 1590 1.27 4,73 .099 917
-64.1 1550 1.57 5.20 .100 1600

5 -63.7 1530 1.95 350 .100 2500
6 -63.3 1520 ..4S 496 .099 3660
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The .012 spaced brazed filter was tested in a -8 body in the
cold room on the upstream side of an orifice plug which was bored
out. The procedure is as before to determine the KNRVS. KIC curve
for this filter. See Figure 11.

TABLE III

Cold Temperature Tests on .012 Spaced Filter Upstream in -8
Body

Flow P D - Temp KfR KIC
GPM PSI oF. cs

4.45 95 9-75 -64.5 1640 1.01 9.47 .456
7.00 155 12.42 -63.5 1530 1.03 14.00 .563
10.tO 210 I11,049 -61.5 131N 1.02 23.60 .71l
12.10 210 14.:48 -57 1050 1.O4 35.00 . 35

The fluid before this filter mustbe• -651F; therefore, the
-65 0 F pressure drop vs. flow curve must be found. The fluid
before this filter is actually at the pressure requir~d for the
various flows to pass through the filter body and the .067 inch
orifice assuming zero back pressure. Assuming the pressure be-
fore the filter is only enough to force fluid through the filter
and body at various flow rates and also assuming realistic '46pf's
to correspond to these pressures close approximations of the
actual pressures can be found. Adding these pressures to those
required to force fluid through the .067 orifice at these same
flow rates will give the pressure before the filter close enough
for the accuracy of the graphs.

TABLE IV

Cold Temperature Calculations for .012 Spaced Filter Upstream
in a -9 Bored Out Body

Flow Temp '4 Approx. KNR KIC Filter
GPM 0F. cas Vpf Alone

P D PSI
2 -65 1700 1.010 3.69 .305 43.0

-65 1700 1.010 5-54 .:76 63.6
-65 1700 1.020 7.30 .130 6.-5

5 -65 1700 1.020 9.12 -490 109-56 -65 1700 1.025 10.93 .520 133.0
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TABLE IV (Cont'd)

Cold Temperature Calculations for .012 Spaced Filter Upstream
in a -9 Out Body

Flow Press before 6f KXR KIC Filter
GPM Filter with and Body

•067 in Orifice P D (PSI)

2 490 1.125 3.31 .300 46.0
9g0 1.270 4.39 .340 79 .0

1686 1.555 4.69 .3 0 130.5
5 26o0 2.030 4:59 .55 210.0
6 3799 2.650 4.21 .335 320.0

The .012 spaced filter downstream, passes warmed-up fluid
after it has passed through the first filter and the orifice.
The degree of warm-up can be found from Figure 10 by subtracting
the temperature rise through the .067 orifice from the tempera-
ture previously showi before the orifice. The test resalts are
shown first, then the calculated results, approximating pressure
drops and finding the corresponding Vpf's until the approximations
agree with the calculated pressures. See Figure 11.

TABLE V

Cold Temperature Test Results .012 Spaced Filter Downstream
in a - 9 Body

Flow PD Temp yt ')pf KNR K1 C
GPM PSI OF cs

-75 95 9-75 -59 1120 1.01 16.6 .590

15 75 9.66 -58 1120 1.01 11.6 .79

8.45 160 12.63 -57 1050 1 025 24.- . 69
10.55 190 13.77 5 1000 1104 32.0 .767

TABLE-VI

Cold Temperature Calculations on .012 Spaced Filter Downstream
After Passing .067 Orifice and First Filter

Flow Temp 'VI'f KNR KIC P D
GPM OF. cs

2 -64.2 1560 1.00 4.07 .2907.6
5 -63.7 1530 1.00 6.20 .360 69.4

--59.5 1150 1.00 10.90 .75 71.0
5 -52 995 1.00 19-50 .610 67.2
6 525 1.00 35.80 .goo 56.2
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The test results of the -8 body with a bored out orifice
plug are shown below. Calculations were made as before. See
Figure 11.

TABLE VII

Cold Temperature Test on the -9 Bored Out Body

Flow P D 4'Pb Temp ft/t If KNR KIC
GPM PSI OF. cas

1.2 10 3.16 -64 1580 1.005 2.39 390
2.9 20 4.47 -64 158U 1.005 5.77 .647

8 6.7 -65 1700 1.010 8.92 .876
670 -65 1700 1.010 12. 1.015

11.15 70 8.36 -65 1700 1.015 20.5 1.535
14.25 1 5 9.21 -63 11480 1.015 50.00 1.550

The pressure drop of the body should be subtracted from the
pressure drops of the filter and body combined to arrive at the
pressure drop due to the filter only. On the upstream filter,
consider the body at the pressure ant tempera ture of the fluid
before the filter (-650 F) assembled with the .067 orifice.

TABLE VIII

-8 Body Bored Out at Pressures Equivalent to Upstream Filter
and .067 Orifice Assembly at Various Flows

Flow Temp Vt Press. "1pf KNR KIC P D
GPM OF. cs See

Table IV
2 -65 1700 490 1.125 3.31 - 7 7 1.2

-65 1700 980 1.270 4.9 .56 28.7
-65 1700 1686 1.585 4.69 .58 47.6

5 -65 1700 2608 2.030 4.58 57 77.0
6 1-65 11700 13799 12.700 4.13 .54 124.0

Pressure Drop Due to .012 Filter Upstream Under Fluid Conditions
of -65 0 F. and Pressure Required of .012 Filter, Body, and .067
O0ifice for Various Flows

Flow .012 Filter & -8 Body .012 Filter
GPM Body, Table IV

2 46.0 1S.2 27.8
3 78.0 28.7 49.5

WADC TR 52-153 34



TABLE VIII (Con't)

Flow .012 Filter & -9 Body .012 Filter
GPM Body, Table IV

4 130.5 47.6 92.9
5 210.0 77.0 133.,0
6 320.0 124.0 196.0

To find the pressure drop of the body with the downstream
filter, the same procedure is followed where the temperature is
the temperature of the fluid before entering the filter (Table VI)
and the pressure is the same as shown in Table VI.

TABLE IX

-9 Body Bored Out at Pressures and Temperatures Equivalent to
Downstream Filter at Various Flows.

Flow Temp. %(- Press.
GPM 0F. cs See 4pf KNR KIC P D

rable VI

2 -64.2 156o 46.0 1.00 4.07 .535 14.o
"-63.7 1530 61.4 1.00 6.20 .695 19.6
--59-5 1150 71.0 1.00 11.00 .960 17.4

5 -55.2 995 67.2 1.00 19.70 1.270 15.4
6 -44.3 525 56.2 1.00 36.10 1.630 13.6

Pressure Drop Due to .012 Filter Downstream in Complete Assembly
With Filter Upstream and .067 Orifice (at -650F.)

Flow .012 Filter & -9 Body .012 Filter
GPM Body, Table VI

2 47.6 14.0 33.6
69.4 18.6 50-9
71.0 17.4 53.6

6 67.2 15.4
6 56.2 13.6 _ 2.6

The pressure drop at the various flows is the total of (1)
the pressure drop of the .067 Orifice and bored out body, Table II,
plus (2) the pressure drop of the filter upstream, Table VIII,
plus (3) the pressure drop of the filter downstream, Table IX.
See Figure 13.
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TABLE X

Pressure Drop at Various Flows and -65 0 F. (.67 Orifice and
2 Filters in a -8 Body)

Flow .067 Orifice .012 Spaced .012 Spaced Total
3PM and -9 Body, Filter Upstream, Filter Down- P D

Table II Table VIII stream, Table IX

2 447 27.8 3.6 508.94
917 49.3 50.8 101.11600 82.9 53.6 1736.5

2500 133.0 1.9 2684.8

6 3660 196.0 42.6 3898.6

To check the results, a test was run with the assembly.
(.067 orifice, -9 body, and 2 (.012 spaced)filters.) See Figure 12.

TABLE XI

-9 Assembly, .067 Orifice, 2 Brazed .012 Spaced Filters, Cold
Temperature Test of

low P D Temp. AW/t KNR KIC
PM PSI VrD 0F. cs /Pf

1.40 315 18.7 -64 1580 1.07 2.61 .0750
.65 740 27.2 -61 1300 1.20 5.37 .0975
3.5 1140 33.7 -60 1220 1.32 6.57 .0995

M0 55 3. -59 1190 1.52 7.06 .1020
-.45 1945 -5 1085 1.71 7.60 .1010
.- 3 2350 49.5 -57 1050 1.90 7.66 .0995

On the calculated curve for -65 0 F., the factor vppf is
approximated -rsing the values of pressure obtained in the com-
pletely analyzed assembly. If these values are different, the
procedure is repeated until the approximated pressure is the same
as the calculated pressure drop. See Figure 13.

TABLE XII

Calculated -65 0 F. Pressure Drop vs. Flow (-8 Assembly)

Flow Temp. ^/t KNR KIO P D
GPM OF. CS Ppf

2 65 1700 1.125 3.31 .0880 516
3 -65 1700 1.300 4.3O .0955 994
4 -65 1700 1.600 14.66 .0970 1705
5 -65 1700 2.075 4.47 .0970 2660
6 65 1700 2.650 4.21 .0955 3960
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From the foregoing results, the KNR vs. K C curves for the
-8, .012 spaced elements are considered accurate. These curves
can be used to find the pressure drop vs. flow curves for any
.012 spaced filter element. Assuming that the flow is distri-
buted evenly, pressure drop per space is the same as the pres-
sure drop for the whole element. KNp vs. KiC curves for each
space in a filter upstream and a filter dowrnstream must be made.

Pressure drop vs. flow curves for -65'F fluid were plotted
for the -8 filters from the KIC vs. KN1R curves on Figure 11 and
are shown on Figure 1)4.

Each -9 filter has approximately 750 spaces and, assuming
each space takes an equal amount of flow, the flow points on
the pressure drop vs. flow curve of the filters are divided by
750 to get pressure drop vs. flow per space at -65°F. From
this curve the KlC vs. KNR curves for each space (upstream and
downstream) are plotted as shown in Figure 15. From this curve
the pressure drop through any .012 spaced filter can be found
by dividing the flow by the number of spaces to get flow per
space, finding KNR for the space, then finding K1 0 from the KNR
vs. KIC curve (Figure 15)and calculating the pressure drop.

The KNR's for the upstream filter can be found by consid-
ering the fluid at -65 0 F. The fluid before the downstream filter
has warmed up through the first filter and through the orifice.
The amount it has -iarmed up is known for the -5, .067 inch
orifice assermbly, as shown in Figure 10, but is not known for
different sized filters and smaller orifices. 71ithin the limits
of orifice and filter sizes to be tested, close approximations
of the fluid warm-up temperature through the upstream filter and
orifice and before the downstream filter, can be made by assum-
ing the warmup is a function of pressure drop through the assem-
bly. In other words, if the temperature rise vs. flow curve and
pressure drop vs. flow curve is known for one assembly, a temper-
ature rise vs. pressure drop curve could be established which
would approximately apply to all of the assemblies tested. This
should give a close approximation because as the .012 spaced
filters decrease in size (contain fewer spaces) the temperature
rise should increase very slightly for a certain flow, probably
not a measurable amount with the equipment used, and the fluid
temperature rise should increase with the same flow velocity as
the orifice diameter decreases; however, the velocity of the
flow for the same pressure drop decreases as the orifice size
decreases because of the lower coefficient of discharge at low
Reynolds Numbers. "ith the decrease in velocity,the temr:erature
rise should still increase a small amount, probably enough to can-
cel out the decrease due to the low flow through the filter on
small orifices.
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Knowing the flows and temperature rises for the -9, .067
orifice assembly, the corresponding pressure drops for the flows
at -65OF are found. These temperature rises are considered to
be the same for the same pressure drops as explained above.

The following is an example of the -6, .059 orifice assembly:

Consider 420 spaces on the -6 filters (.012 spaced).

Filter Upstream

Pressure Drop (psi) Approximate Flow/space Temperature OF
of Assembly Flow (gpm)

at -65OF

3000 4.20 .01000 -650
930 2.30 .o0054 -650
170 .80 .00190 -650

'Vt "/pf KNR Xl0 Approximate
Pressure

Drop

1700 2.35 .00782 .000633 250
1700 1.30 .00794 .000635 75
1700 1.04 .o0340 .000440 19

Filter Downstream

Pressure Drop (psi) Approximate Flow/space Temperature OF
of Assembly Flow (gpm)

at -65OF

3000 4.20 .01000 -510

930 2.30 .00549 -6150
170 .90 .00190 -64-50

,Vt -YVpf KNR KiC Approximate
Pressure

Drop

700 1.015 .0450 .o001170 7
1340 1.010 .01279 .000699 61
1600 1.003 .00575 .000365 27
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Flow Upstream + Downstream = Total Pressure Drop
Pn PD

4-35 250 + 79 = 329
2.3 + 61 =I6

19 + 27 6

By the foregoing method all of the curves on Figure 16 were
plotted.

Various pressure drop vs. -Plow curves are shown in Figures
17 and l with various orifices, bodies, and .009 and .012 spacing.

Figure 19 shows an overall picture of the results with -65*F
and room temperature curves for all of the orifices, and the filter
pressure drop is included for the .067 and smaller orifices. The
body pressure drop should be added to each after the body design
is determined.
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SECTION IV

DISCUSSION ON DESIGN

The -4~ assembly was discarded because of the high sensi-
tivity to fluid viscosity changes inasmuch as one of the pur-
poses of the development was to provide a valve wtth low
sensitivity to fluid viscosity changes.

The -10 assembly was also discarded because of the weight
and size penalty involved. Plate 3 shows the relative sizes off
the assemblies, -10 being the largest.

The problem then was to determine whether to use the -6 or
-9 assembly, or both, as standard.

After comparing the -6 and -9 assemblies both weight-wise
and performance-wise., it was decided that the slightly better
flow characteristics of the -9 assembly over the -6 assembly
did not warrant the extra size and weight. The -6 assembly was
then chosen as probably the best assembly on which to standard-
ize, .for orifices .067 inches in diameter and smaller (the sizes
which need filter protection). See Plate h.

To determine whether or not the length of the -6 assembly
could be decreased, one-fourth of the filter spaces on both
filters in the assembly were closed with silver solder. This
would decrease the filter area and, therefore,, the length of the
assembly by about 1/2 inch. They were then tested for pressure
drop at -650F to determine how much the decreased filter length
increased the pressure drop. The test results are not shown,
however they were almost exactly the same as the calcallated re-
sults. The pressure drop of two of the plugged filters using
the .067 orifice diameter in the assembly with these filters is
shown in Figure 16 to compare with the unplugged filters and
.067 orifice. (The .067 orifice is the maximum size filter pro-
tected orifice; therefore, had the highest flow and pressure drop
per space.) The results show comparatively high pressure drop;
therefore, it is recommended that the length remain as presently
designed.

To use the -6 size assembly and still have it applicable
to all sizes of tubing it would be more desirable to use
AND10050-6 bosses so that reducers or unions can be used depend-
ing on the size of the tube. A proposed assembly for the .067
orifice diameters and smaller is shown in Figure 20 with the
rod reinforced center brazed steel filter element preferred over
the stainless steel pinion stock element because of its lighter
weight. The filter is the same as Purolator No* SK19119 with
rod reinforcement.
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For the orifices above .067 inch diameter, which require
no filters, a -8 assembly orifice plug isi suggested (Figure 21).
This size is recommended because the d/dl ratio will be smaller
and reduce the slight difference in the coefficients of discharge
for the large and small orifices and the larger body size re-
quired would be less sensitive to fluid viscosity changes. This
is needed especially with the much higher flow rates that pass
through the larger orifices to give a certain pressure drop.
This -9 assembly plug could use AN894 - Bushings - Screw Thread
Expander, for adaptation to various lines up to -9 size. The
plug ends have 7/, - I4 NF threads and could be made into AND-
10056 ends so if the lineswere -10 size, the plug could be fast-
ened directly to the line with AN1SI Nuts. It should have some
distinguishing feature, such as a longer length, so it wculd
not be erroneously identified as an AN815 Union, because use of
this plug in place of the union could result in serious conse-
quences. In view of the small number of -10 lines used in air-
craft and problems which might result, it does not seem practical
to put AND10056 ends on this plug. Another design having
AND10050 ends is shown with the above suggested designs in Figure
21.

Before standardizing on any of the designs, the recommenda-
tions of the Bureau of Aeronautics and Industry will be requested.
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SECTION V

SUMMARY

The requirements outlined for the two-way fixed restric-
tor valve covered by this report are as follows:

1. Must be designed for 3000 Psi operation.
2. Low sensitivity to fluid viscosity changes.

3.Light weight..
4.End bosses to provide maximum adaptability to AN

standard fittings
5.Reliability in service.

It was known that a simple orifice type restrictor could
be designed to meet all of the requirements except possibly
low sensitivity to fluid viscosity changes. Through research,
it was found that a thin wall orifice (approximately sharp
edged) would produce a desirable low sensitivity to fluid vis-
cosity changes so the orifice type valve was decided upon.

Industry submiitted an orifice range (.016, .022t .028, .033s
-0409 .046, .052, .059, x067, -091P .095', .109,, and .120 inches
diameter) to be considered for standardization. Experience
indicated that orifices below .070 inches in diameter should be
protected by filters. Filters were designed and tested with
various spacings between adjacent turns of stainless steel wire
used as the filter portion. Tests indicated that 0O08 to .012
inch spacings-would be desirable since these spacings would pro-
vide adequate protection for the smallest (.022) orifice tested,
and would have comparably low sensitivity to fluid viscosity
changes.

Flow and pressure drop tests were conducted on the filters
and orifices at room temperature and -651F. Graphs were plotted
of flow vs. pressure drop for each orifice.

Of all of the valve assemblies tested, the -6 assembly was
considered the best over all design from the standpoints of per-
formance and weight. This assembly would have AND10050 boss
ends (Figure 20) and would be used for all of the orifices re-
quiring filter protection. The -8 assembly plug was considered
best for orifices above .067 inches in diameter (Figure 21).

Figure 19 shows pressure drop vs. flow at room temperature
and -650F for all of the orifices and also curves including the
orifice and two filters in the -6 assembly at -650F,
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